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CHARACTERIZATION AND 
COMPENSATION OF NON-CYCLIC ERRORS 

IN INTERFEROMETRY SYSTEMS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to the following Provi 
sional Patent Applications: Provisional Patent Application 
No. 60/356,271, entitled “APPARATUS AND METHOD 
FOR QUANTIFYING AND COMPENSATING NON 
CYCLIC NON-LINEARITY IN INTERFEROMETRY 
SYSTEMS,” ?led Feb. 12, 2002; Provisional Patent Appli 
cation No. 60/356,397, entitled “METHOD AND APPARA 
TUS TO MEASURE FIBER OPTIC PICKUP ERRORS,” 
?led Feb. 12, 2002; and Provisional Patent Application No. 
60/372,221, entitled “APPARATUS AND METHOD FOR 
QUANTIFYING AND COMPENSATING NON-CYCLIC 
NON-LINEARITY IN INTERFEROMETRY SYSTEMS,” 
?led Apr. 12, 2002. The contents of the aforementioned 
provisional patent applications are hereby incorporated by 
reference in their entirety. 

BACKGROUND 

This invention relates to interferometers, e.g., linear and 
angular displacement measuring and dispersion 
interferometers, that measure linear and angular displace 
ments of a measurement object such as a mask stage or a 
Wafer stage in a lithography scanner or stepper system, and 
also interferometers that monitor Wavelength and determine 
intrinsic properties of gases. 

Displacement measuring interferometers monitor changes 
in the position of a measurement object relative to a refer 
ence object based on an optical interference signal. The 
interferometer generates the optical interference signal by 
overlapping and interfering a measurement beam re?ected 
from the measurement object With a reference beam 
re?ected from the reference object. 

In many applications, the measurement and reference 
beams have orthogonal polariZations and different frequen 
cies. The different frequencies can be produced, for 
example, by laser Zeeman splitting, by acousto-optical 
modulation, or internal to the laser using birefringent ele 
ments or the like. The orthogonal polariZations alloW a 
polariZing beam-splitter to direct the measurement and ref 
erence beams to the measurement and reference objects, 
respectively, and combine the re?ected measurement and 
reference beams to form overlapping exit measurement and 
reference beams. The overlapping exit beams form an output 
beam that subsequently passes through a polariZer. The 
polariZer mixes polariZations of the exit measurement and 
reference beams to form a mixed beam. Components of the 
exit measurement and reference beams in the mixed beam 
interfere With one another so that the intensity of the mixed 
beam varies With the relative phase of the exit measurement 
and reference beams. 
A detector measures the time-dependent intensity of the 

mixed beam and generates an electrical interference signal 
proportional to that intensity. Because the measurement and 
reference beams have different frequencies, the electrical 
interference signal includes a “heterodyne” signal having a 
beat frequency equal to the difference betWeen the frequen 
cies of the exit measurement and reference beams. If the 
lengths of the measurement and reference paths are chang 
ing relative to one another, e.g., by translating a stage that 
includes the measurement object, the measured beat fre 
quency includes a Doppler shift equal to 2vnp/7», Where v is 
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2 
the relative speed of the measurement and reference objects, 
7» is the Wavelength of the measurement and reference 
beams, n is the refractive index of the medium through 
Which the light beams travel, e.g., air or vacuum, and p is the 
number of passes to the reference and measurement objects. 
Changes in the phase of the measured interference signal 
correspond to changes in the relative position of the mea 
surement object, e.g., a change in phase of 2st corresponds 
substantially to a distance change L of )M/(ZIIP). Distance 2L 
is a round-trip distance change or the change in distance to 
and from a stage that includes the measurement object. In 
other Words, the phase (I), ideally, is directly proportional to 
L, and can be expressed as 

Where 

Unfortunately, the observable interference phase, (I), is not 
alWays identically equal to phase (I). Many interferometers 
include, for example, non-linearities such as those knoWn as 
“cyclic errors.” The cyclic errors can be expressed as 
contributions to the observable phase and/or the intensity of 
the measured interference signal and have a sinusoidal 
dependence on the change in for example optical path length 
2pnL. In particular, a ?rst order cyclic error in phase has for 
the example a sinusoidal dependence on (4J'cpnL)/7» and a 
second order cyclic error in phase has for the example a 
sinusoidal dependence on 2(4J'cpnL)/7». Higher order cyclic 
errors can also be present as Well as sub-harmonic cyclic 
errors and cyclic errors that have a sinusoidal dependence of 
other phase parameters of an interferometer system com 
prising detectors and signal processing electronics. Different 
techniques for quantifying such cyclic errors are described 
in commonly oWned US. Pat. Nos. 6,137,574, 6,252,688, 
and 6,246,481 by Henry A. Hill. 

There are in addition to the cyclic errors, non-cyclic 
non-linearities or non-cyclic errors. One example of a source 
of a non-cyclic error is the diffraction of optical beams in the 
measurement paths of an interferometer. Non-cyclic error 
due to diffraction has been determined for example by 
analysis of the behavior of a system such as found in the 
Work of J.-P. Monchalin, M. J. Kelly, J. E. Thomas, N. A. 
Kurnit, A. SZoke, F. Zernike, P. H. Lee, and A. Javan, 
“Accurate Laser Wavelength Measurement With A Precision 
TWo-Beam Scanning Michelson Interferometer,” Applied 
Optics, 20(5), 736—757, 1981. 
Asecond source of non-cyclic errors is the effect of “beam 

shearing” of optical beams across interferometer elements 
and the lateral shearing of reference and measurement 
beams one With respect to the other. Beam shears can be 
caused for example by a change in direction of propagation 
of the input beam to an interferometer or a change in 
orientation of the object mirror in a double pass plane mirror 
interferometer such as a differential plane mirror interfer 
ometer (DPMI) or a high stability plane mirror interferom 
eter (HSPMI). 

Accordingly, due to errors such as the aforementioned 
cyclic and non-cyclic errors, the observable interference 
phase typically includes contributions in addition to (I). 
Thus, the observable phase is more accurately expressed as 

(2) 
where 11) and Q are the contributions due to the cyclic and 
non-cyclic errors, respectively. 
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In displacement measuring applications, the observable 
phase is often assumed equal to 2pkL, Which alloWs one to 
readily determine L from the measured phase. In many 
cases, this is a reasonable approximation, particularly Where 
the contribution to due cyclic and/or non-cyclic errors are 
small, or the level of accuracy required by the application is 
relatively loW. HoWever, in applications demanding a high 
level of precision, cyclic and/or non-cyclic errors should be 
accounted for. For example, high precision displacement 
measurement requirements of integrated circuit micro 
lithography fabrication have become very demanding, in 
part because of the small ?eld limitations of imaging sys 
tems in steppers and scanners and in part because of the 
continuing reduction in the siZe of trace Widths on Wafers. 
The requirement of high precision displacement measure 
ment With steppers and scanners is typically served With 
plane mirror interferometers With one of the external mirrors 
of the plane mirror interferometers attached to a stage mirror 
of the stepper or scanner. Because the Wafer is typically not 
?at, the orientation of the Wafer stage of a stepper or scanner 
must also be adjusted in one or more angular degrees of 
freedom to compensate for the non-?atness of the Wafer at 
exposure sites on a Wafer. The combination of the use of 
plane mirror interferometers and the change in one or more 
angular degrees of freedom is a source of lateral shear of 
optical beams across interferometer elements. Effects of 
beam shears of a reference beam and a measurement beam 
may be represented effectively as a common mode beam 
shear and a differential beam shear. The differential beam 
shear is the difference in lateral shear of reference and 
measurement and the common mode beam shear is the 
average lateral shear of the reference and measurement 
beams. 

The cited source of lateral beam shear presents a poten 
tially serious problem in distance measuring interferometry. 
For a measurement leg length of 1 meter, a typical value for 
a change in angular orientation of a stage mirror of 0.0005 
radians, and a double-pass plane mirror interferometer, the 
relative lateral shear betWeen the reference and the mea 
surement components of the output beam of the interferom 
eter is 2 millimeters. For a relative lateral shear of 2 
millimeters, a beam diameter of 6 millimeters, and Wave 
front errors in the output beam components of the order of 
M20, an error Will be generated in the inferred distance 
measurement of >/~1 nanometer. This error is a non-cyclic 
error and can pose a serious limitation to micro-lithographic 
applications of steppers and scanners in integrated circuit 
fabrication. 

Wavefront errors are produced by imperfections in trans 
missive surfaces and imperfections in components such as 
retrore?ectors, phase retardation plates, and/or coupling into 
multi-mode optical ?bers that produce undesired deforma 
tions of Wavefronts of beams. 

In dispersion measuring applications, optical path length 
measurements are made at multiple Wavelengths, eg 532 
nanometers and 1064 nanometers, and are used to measure 
dispersion of a gas in the measurement path of a distance 
measuring interferometer. The dispersion measurement can 
be used to convert a change in optical path length measured 
by the distance measuring interferometer into a correspond 
ing change in physical length. Such a conversion can be 
important since changes in the measured optical path length 
can be caused by gas turbulence and/or by a change in the 
average density of the gas in the measurement arm even 
though the physical distance to the measurement object is 
unchanged. 
When Working to position-measurement accuracy of 

approximately 1 nanometers or better and for distance 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
measuring interferometry using dispersion interferometry to 
correct for the effects of gas in the measuring path, the cited 
non-cyclic errors are ampli?ed by the reciprocal dispersive 
poWer of the gas, 1“. For the NbzYAG laser beam With a 
Wavelength of 1064 nm and the frequency doubled NbzYAG 
laser With a beam Wavelength of 532 nanometers, F575. For 
the 633 nanometer HeNe laser beam and a second beam at 
316 nanometer, F525. Thus, for high-accuracy interferom 
etry (accuracy in the 1 nanometer regime or better) it is 
necessary to reduce the effect of the lateral beam shear 
induced non-cyclic errors in the dispersion interferometry by 
approximately tWo orders of magnitude beyond that required 
for the corresponding distance measuring interferometry, an 
accuracy in the 0.01 nanometer regime or better. 

Both common mode and differential beam shear can 
further compromise the accuracy of an interferometer Where 
the interferometer output beam is coupled into a ?ber optic 
pick-up (FOP) to transport the interferometer output beam to 
a remotely located detector. 

SUMMARY 

One Way to reduce non-cyclic errors in an interferometer 
is to use extremely high quality optical components. 
Commercially, this solution is unattractive because of the 
accompanying increase in cost of the interferometer. 
Another Way to reduce errors is to quantify the errors in the 
interferometer prior to deploying the interferometer, and 
then compensate measurements made With the interferom 
eter in its end use application based on the precompiled data. 

Quantifying non-cyclic errors associated With an interfer 
ometer involves monitoring an observable phase associated 
With the interferometer output beam While scanning a 
parameter on Which the phase depends. The non-cyclic error 
contribution to the observable phase is determined from the 
variation of the observable phase from a reference value, 
assuming other sources of error are negligible or otherWise 
compensated. The reference value can be based on another 
interferometrically generated phase, or can be based on a 
phase value determined from a mathematical relationship 
betWeen the observable phase and the parameter being 
scanned. 
Where the reference value is based on another interfer 

ometer phase, the reference value can be a redundant phase 
monitored With a reference interferometer during the scan 
ning. Where the interferometer under test and reference 
interferometer are con?gured to monitor the same degree of 
freedom of the measurement object, the observable phase 
and redundant phase should be proportional in the absence 
of non-cyclic errors and other errors. Accordingly, any 
variation of the observable phase from this relationship can 
be attributed to the test interferometer non-cyclic errors. Of 
course, this assumes that the reference interferometer non 
cyclic error contribution to the redundant phase measure 
ment is negligible. To ensure this, the reference interferom 
eter can be made using high-quality components to reduce 
sources of non-cyclic errors in the interferometer. 
Alternatively, or additionally, the reference interferometer 
can be operated in a Way that reduces non-cyclic errors, e.g., 
operated a short distance from the measurement object to 
reduce beam shear, Which is a source of non-cyclic errors. 
Another Way to minimiZe non-cyclic errors in the redundant 
phase measurement is to use a reference interferometer With 
knoWn non-cyclic errors. The reference value can then be 
determined by correcting the observable phase from the 
reference interferometer With the predetermined non-cyclic 
error contribution. 

Another Way to determine a reference value is from a 
knoWn relationship (e.g., a mathematical formula) relating 
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the scanned parameter to the observable phase. For example, 
a contribution to the observable phase by the optical path 
length difference betWeen a measurement beam and a ref 
erence beam in an interferometer can be determined from 
the geometry of the interferometer. This geometric contri 
bution is typically a function of parameters such as the 
orientation and position of the measurement object With 
respect to the interferometer. Accordingly, one can monitor 
the observable phase While scanning one of these 
parameters, and determine the non-cyclic errors as the 
variation of the observable phase from the predicted func 
tional dependence of the phase on the scanned parameter. 

Characterizing an interferometer’s non-cyclic errors in 
this Way yields a phase term that is a function of the scanned 
parameters. This phase term is referred to as the non-cyclic 
error function, and may be stored as, for example, a look-up 
table, as a poWer series representation, or as a spectral 
representation such as in a Fourier series. Parameters may 
include the measurement object’s position and/or orientation 
With respect to the interferometer, the position of the inter 
ferometer axis With respect to the pivot axis of the measure 
ment object, beam shear, and directions of propagation of 
measurement and/or reference beams. 

The non-cyclic error function may be stored on some 
electronic data storage medium (e.g., a memory chip or a 
disk), Which is provided to the interferometer’s end user. A 
control algorithm that runs the interferometer in its end use 
application accesses the non-cyclic error function from the 
data storage medium, and compensates the observable phase 
prior to making doWnstream calculations based on the 
phase. 

Non-cyclic error functions may be determined for com 
ponents of interferometers in addition to the Whole interfer 
ometer assembly. For example, When using a ?ber optic 
pickup (FOP) to transport the interferometer output beam to 
a remotely positioned detector, artifacts from the 
interferometer, such as beam shear, can result in additional 
non-cyclic errors due to coupling the output beam into the 
FOP. Although these additional non-cyclic errors can be 
determined for the combined interferometer/F OP assembly, 
they can also be determined for the FOP alone. Accordingly, 
in certain aspects, the invention features techniques for 
characteriZing non-cyclic errors associated With interferom 
eter components (e.g., a FOP). The principle for determining 
the non-cyclic error function for a component is the same as 
for the interferometer: a system monitors the observable 
phase generated by an interferometer using the component 
While scanning a parameter on Which the phase depends. 
The non-cyclic error contribution is determined as the 
variation of the observable phase from a reference value, 
assuming that other sources of error are negligible or com 

pensated. In some embodiments, non-cyclic errors in a FOP 
are measured as functions of differential and common mode 
beam shear of a tWo component optical beam, e.g., an output 
beam of a heterodyne interferometer system. 

Important information about the interferometer system in 
addition to the non-cyclic error function can also be gener 
ated in the process of measuring the non-cyclic error func 
tion. The additional information may include the measure 
ment axis of the interferometer system as a function of one 
or more parameters, eg the physical length of a measure 
ment path and the directions of propagation of an input beam 
to the interferometer. For an interferometer assembly includ 
ing tWo or more plane mirror interferometers, the process for 
measuring the non-cyclic error function can also map out the 
measurement axes for each of the tWo or more interferom 

eters and may furnish accurate measurement of the separa 
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6 
tion of the tWo or more measurement axes. This information 
may be used to determine changes in angular displacements 
of the plane mirror measurement object in one or more 
planes. 

Interferometers and interferometer components character 
iZed using the techniques disclosed herein may be used in 
lithography tools. 

Various aspects of the invention are as folloWs. 

In a ?rst aspect, the invention features a method that 
includes providing a test interferometer Which during opera 
tion directs tWo beams along different paths and then com 
bines them to produce an output beam. The output beam 
includes information about an optical path length difference 
betWeen the tWo beams, and imperfections in the test inter 
ferometer cause a measurable interferometric test phase 
derived from the output beam to deviate from the expression 
CI>=pknL, Where p is an integer, k is the Wavenumber of the 
output beam, and nL corresponds to the optical path length 
difference, Wherein the deviation comprises a non-cyclic 
error term that varies in a nonperiodic Way on the optical 
path length difference. The method further includes using 
the test interferometer to measure the test phase as a function 
of a test parameter that causes the optical path length 
difference to vary, comparing the measured test phase to 
another expression indicative of the optical path length 
difference, and determining a representation indicative of 
the non-cyclic error term for the test interferometer based on 
the comparison. 
The method may include one or more of the folloWing 

features and/or features of other aspects. 
In some embodiments, during operation of the test inter 

ferometer at least one of the tWo beams contacts a measure 

ment object and the test parameter is a distance betWeen the 
test interferometer and the measurement object. Measuring 
the test phase as a function of the test parameter can include 
scanning the position of the measurement object With 
respect to the test interferometer. The other expression 
indicative of the optical path length difference can be based 
on a reference phase that is monitored as a function of the 
test parameter simultaneously to measuring the test phase. 
The reference phase can be monitored using a reference 
interferometer, Which during operation directs a ?rst refer 
ence interferometer beam to contact the measurement object 
at least once. Imperfections in the reference interferometer 
can be suf?ciently small so that a non-cyclic error contri 
bution to the reference phase due to the imperfections is 
negligible compared to the non-cyclic error term of the test 
interferometer. Alternatively, or additionally, the reference 
interferometer can be positioned suf?ciently close to the 
measurement object so that a non-cyclic error contribution 
to the reference phase due to imperfections in the reference 
interferometer is negligible compared to the non-cyclic error 
term of the test interferometer. In some embodiments, the 
method further includes adjusting the position of the refer 
ence interferometer With respect to the measurement object 
to maintain the reference interferometer sufficiently close to 
the measurement object so that the non-cyclic error contri 
bution to the reference phase is negligible compared to the 
non-cyclic error term of the test interferometer for a range of 
the test parameter greater than a maximum distance betWeen 
the measurement object and the reference interferometer. 
The non-cyclic error term can be determined from a devia 
tion of a sum of the test phase and the reference phase from 
a constant value. 

In some embodiments, during operation of the test inter 
ferometer at least one of the tWo beams contacts a measure 
































